Ca 2؉ -ATPase of skeletal muscle sarcoplasmic reticulum is an ATPdriven Ca 2؉ pump consisting of three cytoplasmic domains and 10 transmembrane helices. In the absence of Ca 2؉ , the three cytoplasmic domains gather to form a compact headpiece, but the ATPase is unstable without an inhibitor. Here we describe the crystal structures of Ca 2؉ -ATPase in the absence of Ca 2؉ stabilized with cyclopiazonic acid alone and in combination with other inhibitors. Cyclopiazonic acid is located in the transmembrane region of the protein near the cytoplasmic surface. The binding site partially overlaps with that of 2,5-di-tert-butyl-1,4-dihydroxybenzene but is separate from that of thapsigargin. The overall structure is significantly different from that stabilized with thapsigargin: The cytoplasmic headpiece is more upright, and the transmembrane helices M1-M4 are rearranged. Cyclopiazonic acid primarily alters the position of the M1 helix and thereby M2 and M4 and then M5. Because M5 is integrated into the phosphorylation domain, the whole cytoplasmic headpiece moves. These structural changes show how an event in the transmembrane domain can be transmitted to the cytoplasmic domain despite flexible links between them. They also reveal that Ca 2؉ -ATPase has considerable plasticity even when fixed by a transmembrane inhibitor, presumably to accommodate thermal fluctuations.
C a 2ϩ -ATPase of skeletal muscle sarcoplasmic reticulum (SERCA1a) is structurally and functionally the best studied member of the P-type ion-translocating ATPases (1, 2) . Located in the sarcoplasmic reticulum membrane, SERCA1 pumps Ca 2ϩ released into muscle cells during contraction and thereby causes relaxation. The reaction cycle consists of at least eight intermediates, and crystal structures have been determined for six of them (3) (4) (5) (6) (7) (8) (9) . These crystal structures show that SERCA1 consists of three cytoplasmic domains (A, actuator; N, nucleotide binding; and P, phosphorylation) and 10 (M1-M10) transmembrane helices (3) . They also demonstrate that ATPase undergoes large and global conformational changes during the reaction cycle. In conventional E1/E2 theory (10) (11) (12) , active transport of Ca 2ϩ is achieved by alternating the affinity and accessibility of the transmembrane Ca 2ϩ -binding sites. That is, in E1, the binding sites have high affinity and face the cytoplasm; in E2, the binding sites have low affinity to Ca 2ϩ and face the lumen of the sarcoplasmic reticulum. Although H ϩ and water, instead of Ca 2ϩ , stabilize the binding sites in E2 (13) , this form of the ATPase is unstable, particularly when solubilized (14) . Therefore, so far all successful crystallization experiments in the absence of Ca 2ϩ used inhibitors that stabilize the transmembrane domain.
Several inhibitors specific to SERCA1 are available (15) (16) (17) . By far the best known and most potent inhibitor is thapsigargin (TG), a plant sesquiterpene lactone (18) , with the dissociation constant in the subnanomolar range (15) . Another commonly used inhibitor is 2,5-di-tert-butyl-1,4-dihydroxybenzene (BHQ), an antioxidant, which has a much simpler chemical structure and a lower affinity (19) . We have determined the crystal structures of the ATPase with either one [E2(TG) or E2(BHQ)] or both [E2(TGϩBHQ)] of them bound (4, 13) . The crystal structures were essentially the same. Thus, only one conformation of the ATPase has been published so far for the E2 state.
Cyclopiazonic acid (CPA) is another well known and potent inhibitor of SERCA1 (16, 20) . It binds to the ATPase in the E2 state and affects the enzymatic activity of Ca 2ϩ -ATPase in a way very similar to TG (21, 22) . Because of some structural similarity to TG, which binds to the space surrounded by the M3, M5, and M7 transmembrane helices (4), it has been supposed that they share the binding sites (21) . Site-directed mutagenesis and chimera results have been interpreted to support this idea, although the most influential residue on TG binding, that is, Phe-256 on the M3 helix, affected the CPA binding only slightly (21, 23) . It has also been shown that a malarial Ca 2ϩ -ATPase (PfATP4) is sensitive to CPA but insensitive to TG (24) .
Here we report crystal structures of SERCA1a stabilized with bound CPA alone [E2(CPA)] and in combination with other inhibitors. We describe the finding that the binding site of CPA is distinctly different from that of TG but partially overlaps with that of BHQ; yet, the interaction with the ATPase is different from BHQ and even the overall structure of the ATPase is different from that with E2(TG) or E2(TGϩBHQ). Thus, these crystal structures unambiguously demonstrate that Ca 2ϩ -ATPase in the E2 state takes multiple conformations and show how changes that occur in transmembrane domains are transmitted to the cytoplasmic domains despite flexible links between them.
Results
Structure Determination and the Overall Structure. Unlike E2(TG), which crystallized in both P2 1 and P4 1 2 1 2 space groups ‡ (4), we could obtain crystals of E2(CPA) only in P2 1 . Because the unit cell parameters were similar to P2 1 crystals of E2(TG) (E2(TG)P2 1 ), an atomic model was built by molecular replacement starting from that of E2(TG)P2 1 and refined to R free of 32.4% at 3.4 Å ( Table 1 ). The overall structure of E2(CPA) was similar to that of E2(TG)P2 1 (rmsd ϭ 1.2 Å for all C ␣ atoms) but
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more different from that of E2(TGϩBHQ) and E2(TG) belonging to the P4 1 2 1 2 space group (rmsd Ͼ1.9 Å). For the cytoplasmic region, the differences were mostly due to a movement of the whole cytoplasmic headpiece, which was more upright in E2(CPA) (Fig. 1 ). The differences were more complicated in the transmembrane domain. P4 1 2 1 2 crystals of E2(TG) [Protein Data Bank (PDB) ID 1IWO] and E2(TGϩBHQ) (PDB ID 2AGV) diffracted to 2.5-Å resolution (13) , whereas E2(TG)P2 1 crystals diffracted to only 3.3 Å (4). The overall structure was certainly affected by crystal symmetry, given that the cytoplasmic domain of E2(TG)P2 1 was more upright than E2(TG) of P4 1 2 1 2 symmetry. To enable comparison at a higher resolution, therefore, we needed P4 1 2 1 2 crystals with bound CPA. Such crystals were obtained by combining CPA with curcumin (CC). With 60 M CC in the dialysis buffer for crystallization, this combination of inhibitors yielded crystals [E2(CPAϩCC)] that diffracted to 2.8-Å resolution with a slightly shorter unit cell dimension along the c axis than those of E2(TG) and E2(TGϩBHQ) crystals (Table 1 ). An atomic model was built by molecular replacement starting from that of E2(TGϩBHQ) and Parentheses denote statistics in the highest-resolution shells. *Fractions of residues in the most favored/additionally allowed/generously allowed regions of the Ramachandran plot according to ProCheck (32) . No residue was found in the generously allowed and disallowed regions.
refined to R free of 27.2% (Table 1) . Although the crystal symmetry was altered by the addition of CC, there was no hint of CC in the electron density map. Consistent with what was observed with the P2 1 crystals, the cytoplasmic headpiece in E2(CPAϩCC) was more upright than that in E2(TG) [and E2(TGϩBHQ)].
Despite the overall structures and dispositions of several transmembrane helices differing between E2(TG) and E2(CPA), crystallization of E2(CPAϩTG) was successful. The space group of E2(CPAϩTG) crystals was always P2 1 , and the resultant structure was intermediate between E2(TG) and E2(CPA). When all five structures [i.e., E2(CPA), E2(CPAϩCC), E2(CPAϩTG), E2(TG)P2 1 , and E2(TGϩBHQ)] were compared, the two most distant ones were E2(TGϩBHQ) and E2(CPA). Thus, the two structures in Fig. 1 show the maximum extent of variation within E2 crystal structures. Differences in the headpiece are very small (rmsd Ͻ 0.7 Å), and the two structures superimposed well with the cytoplasmic headpiece. However, the links between the A-domain and the transmembrane helices did not superimpose (Fig. 2) , indicating that these links are flexible.
CPA Binding Site. A Fourier difference (F obs  Ϫ F calc ) map for E2(CPA), before introduction of CPA in the atomic model, clearly located CPA near the cytoplasmic surface of the transmembrane domain (Fig. 1) , as the difference map contoured at 5 showed only one peak. The map was, however, insufficient for determining the orientation and conformation of CPA, because the resolution was only 3.4 Å. For this purpose, E2(CPAϩTG) and E2(CPAϩCC) crystals were most useful. The difference map (Fig. 3) showed clear electron density at the same place as in E2(CPA), with two lobes of different sizes. These features were expected from the structure of CPA. One conformation of CPA registered in the Cambridge Database [entry: VOMTIA (25) ] fitted nicely to the electron density but only after inversion (Fig. 3) .
CPA binding rearranges transmembrane helices M1-M5. The binding site, surrounded by M1-M4, is more confined in E2(CPA) compared with E2(TG) and E2(TGϩBHQ) by the movement of M1Ј and M2 (Fig. 3) . N1 of CPA apparently pulls the short amphipathic helix M1Ј to form a hydrogen bond with Gln-56 located at the C-terminal end of M1Ј (Fig. 3) . A hydroxyl group of CPA appears to form a hydrogen bond with Leu-253 carbonyl (M3); one carbonyl oxygen (O1) is located within the hydrogen bond distance from Asp-59 carboxyl (M1). As a result of the rearrangement of the M1-M4 helices, a highly complementary surface is formed. There are at least 10 van der Waals contacts between CPA and the ATPase, with a distance Յ4.0 Å (Fig. 3) . They include those with main chain atoms of Leu-93 (O, M2), Asn-101 (C ␣ , M2), Gly-257 (C ␣ , M3), and Glu-309 (N, M4) Fig. 1 . Arrows indicate the differences between the two structures. The circle indicates the amphipathic helix between M8 and M9. CPA is shown in space fill. M2, M5, and M7 are represented with two to three cylinders, although they are continuous helices. Fig. 6 . Differences in orientation of the transmembrane helices in three crystal structures. E2(CPA) (yellow), E2(TGϩBHQ) (light green), and E2⅐MgF4 2Ϫ (cyan) are superimposed with the M7-M10 helices and are shown in stereo in the same direction as in Fig. 1. M2, M3 , M5, and M7 are represented with two to three cylinders, although they are continuous helices. Some of the residues used in helix-helix contacts are shown.
and Pro-312 (C ␦ , M4). M2 moves toward M4, pushed by CPA, with a large conformational change around Asn-101 (M2). In fact, CPA would not be able to bind to E2(TG) unless Asn-101 is moved nor to E1⅐2Ca 2ϩ because the binding pocket is occupied by the M1 helix (Fig. 4) . Thus, the inhibitory action of CPA and a large impairment by the Gly 257 Ile mutation (21) can be readily explained. These features are consistent with all of the CPAbound E2 crystals.
The CPA binding site partially overlaps with that of BHQ (Fig.  4) . Even the likely hydrogen bond with Asp-59 carboxyl (Fig. 3) is the same. However, the M2 side of CPA is bulkier than that of BHQ and makes much more extensive hydrophobic contacts with the ATPase (Fig. 4) . These features readily explain the higher affinity of CPA [K d ϭ 7 nM (26)] compared with that of BHQ [K d ϭ 0.2 M (17)]. Also, the more superficial binding site of CPA, with an obvious entry/exit route, explains the rather fast kinetics of dissociation of CPA compared with TG (26), which is deeply inserted into the membrane (Fig. 1) .
Global Structural Changes Caused by CPA Binding. To examine the structural changes caused by CPA binding more quantitatively, we compared E2(CPAϩCC) and E2(TGϩBHQ). They both have relatively high resolution [2.8 Å for E2(CPAϩCC) and 2.4 Å for E2(TGϩBHQ)] and the same crystal symmetry (P4 1 2 1 2), making it unnecessary to consider the effects of crystal packing.
Around CPA, two structural changes are evident. One is a 18°r otation of the M1Ј helix toward M2 around an axis approximately perpendicular to the membrane (Figs. 3 and 5 ). This position of M1Ј is apparently stabilized by a hydrogen bond between CPA and Gln-56. In E2(TGϩBHQ), Leu-52, Gln-56, and Phe-57 on M1Ј are in van der Waals contacts with Val-106, Ala-102, and Leu-98 on M2, respectively. As a result of the van der Waals contacts, M1Ј pushes M2 near the cytoplasmic surface, causing a 12°change in inclination of the M2 helix, as the luminal end of M2 is fixed by contacts with a short amphipathic helix between M9 and M10 (4) (Fig. 5 ). This movement of M2 is then transmitted to the cytoplasmic half of M4 (M4C), mainly through Asn-101-Pro-312 (Fig. 4) , as a result of a molecular domino effect. Then, in turn, M4C moves M5 (Fig. 5) , as their cytoplasmic ends are clamped together by short ␤-strands (4). Finally, the P-domain and with it the whole cytoplasmic headpiece take a more upright position, because the cytoplasmic end of M5 is integrated into the P-domain as a part of the Rossmann fold (3).
The movement of M2 inevitably affects the positions of other transmembrane helices, in particular, M1 and the luminal half of M4 (M4L). The rotation of M1Ј is not transmitted to M1 directly. The top part of M1 does not follow the rotation of M1Ј (Fig. 4) ; it is fixed by van der Waals contacts with M3 and M4 (Fig. 3) , indicating that the link between M1Ј and M1 is flexible. Instead, M1 follows M2. This movement occurs because M1 and M2 form a stable V-shaped structure and move together throughout the entire reaction cycle except for E1⅐2Ca 2ϩ (6) , keeping tight van der Waals contacts between them. Although the link between M1 and M1Ј is flexible, M1Ј makes van der Waals contacts with M2 from E1⅐ATP to E2 and can move M1 through M2.
Similar van der Waals contacts are also maintained between the M1 and M4L helices at different levels along them throughout E1⅐ATP to E2. They include Leu-61, Leu-65, Ile-71, and Leu-75 on M1 and Ile-293, Phe-296, Val-300, and Ile-307 on M4 (Fig. 6) . If the movement of the A-domain is transmitted to M1, it is transmitted to M4L at the same time. This appears to be the normal way of signal transmission in the forward direction of the reaction cycle [particularly in E1P3E2P and E2P3E2 (6)]. Here, the origin of the signal is different (i.e., binding of CPA), but the flow of movements and the usage of helix-helix contact in transmitting the movements appear to be the same: M1, guided by M2, moves M4L to take a more horizontal position than in E2(TGϩBHQ) (Fig. 6) .
Effect of TG. E2(CPA) is the first E2 structure that is significantly different from E2(TG). Yet we could obtain E2(CPAϩTG) crystals, and the structure was intermediate between E2(TG) and E2(CPA). Because the binding site of TG is the cavity surrounded by M3, M5, and M7 (Figs. 1 and 4) , it is of interest to examine differences in these helices, in particular, M3. In fact, the luminal half of M3 is more detached from M5 (Fig. 6) , conforming with a more horizontal orientation of M4L. However, this disposition is probably influenced by CPA, because, as mentioned before, the hydroxyl group at one end of CPA is likely to form a hydrogen bond with the carbonyl of Leu-253 and fix the M3 helix at that point (Fig. 3) .
Discussion
As described, the structure of E2(CPA) is different from that of E2(TG). Although both CPA and TG bind to the transmembrane domain, the most prominent difference is in the orientation of the headpiece, primarily as a result of a rearrangement of the M1Ј, M2, M4, and M5 helices. Even though the crystal structures of E2(CPA) and E2(TG) are different, it was possible to generate a E2(CPAϩTG) crystal. These observations mean that Ca 2ϩ -ATPase in E2 possesses structural plasticity and exhibits substantial thermal movements even when stabilized with potent inhibitors. They also point to flexible regions in the ATPase that allow such movements. This finding is in line with the results of limited proteolysis, which demonstrate that the A-domain-M3 and the A-domain-M2 loops are flexible and susceptible to proteinase K attack in E2. If the M3 helix is stabilized with TG, the A-domain-M3 loop is largely protected from proteinase K attack, making the A-domain-M2 link the predominant target (27) . Our present results show that the A-domain-M1Ј link is also flexible as well as the M1-M1Ј link (Figs. 2 and 3) .
CPA interacts primarily with M1, M1Ј, and M2, all of which have flexible links with the A-domain. Yet the binding of CPA changes the orientation of the cytoplasmic headpiece. How, then, can a binding change or signal be transmitted from the transmembrane region to move the cytoplasmic domain despite the flexible links? In fact, why are flexible links necessary?
Change in Orientation of M4L. Another interesting observation here is that M4L, the luminal half of the M4 helix, has a fairly large change (Ϸ10°) in orientation among different E2 structures (Fig. 6 ). This means that M4L can change its orientation at least within this range by thermal movements in E2. Our molecular dynamics simulation of Ca 2ϩ -ATPase in E2 (Y. Sugita, M. Ikeguchi, and C. Toyoshima, unpublished data) certainly shows this feature. Such a large movement is remarkable, because the change in inclination of M4L is likely to be the mechanism for opening and closing the luminal gate (13) . M4L in the E2⅐MgF 4 2Ϫ complex (PDB ID 1WPG), regarded as an analogue of the product state of the hydrolysis of phosphate (E2⅐P i ), is certainly more horizontal than in E2(TG) but not enough for Ca 2ϩ to pass through. In fact, M4L in E2(CPA) is slightly more horizontal than that in E2⅐MgF 4 2Ϫ (Fig. 6 ). Intrinsic Trp fluorescence levels substantiate this finding (28) . The fluorescence of E2⅐MgF 4 2Ϫ is low and similar to that of E2(TG), and the difference between E2 and E2P is likely to reflect the environment of Trp-288 at the bottom of M4, because this is the most prominent change among the transmembrane helices between these two structures.
Because the A-domain is located at one end of the cytoplasmic headpiece, a small change in the orientation of M5, the central pillar helix, will be amplified and transmitted to the transmembrane domain. If the links between the A-domain and M1-M3
